1. Introduction {#s0005}
===============

Posttraumatic stress disorder (PTSD) is one of the most prevalent mental disorders for war veterans. A screening for mental health problems by the US military suggested 9.8% of veterans returning from Iraq, 4.7% from Afghanistan, and 2.1% from other locations were at risk of PTSD ([@bb0150]). Several studies have suggested a biological basis for PTSD ([@bb0270] for review), including neuroimaging studies (e.g., [@bb0145], [@bb0195], [@bb0210], [@bb0260]). Nonetheless, ongoing research is needed to better understand the complex neurobiological abnormalities that underlie this costly and chronic condition.

One of the types of neuroimaging studies that is providing abundant insights into the neuropathology of intrinsic brain activity in PTSD is resting-state functional magnetic resonance imaging (rsfMRI), which measures blood oxygenation level dependent (BOLD) signal while a subject does not perform any explicit task. This includes studies using voxel-wise resting-state signal measurement such as amplitude of low-frequency fluctuation (ALFF) ([@bb0385]) and regional homogeneity (ReHo) ([@bb0365]). Meta-analyses of these studies combined with positron emission tomography (PET) studies ([@bb0180], [@bb0335]) showed that PTSD patients had increased resting-state signal fluctuation or activity in the amygdala and the parahippocampal gyrus and decreased fluctuation or activity in the superior frontal gyrus and the middle frontal gyrus, although there is significant variability across studies. Decomposition of spatial coactivation patterns, such as independent component analysis (ICA), was also used in an rsfMRI study ([@bb0065]). Although ICA is typically employed to extract the spatial pattern of a functional network, it can also be used to evaluate connectivity with a dual regression technique ([@bb0100]), in which correlations between the global network (independent component) time-course and voxel-wise time-courses are examined. [@bb0310] indicated that the connectivity of the salience network (SN) with the posterior insula and the superior temporal gyrus were negatively correlated with hyperarousal symptoms in PTSD. Graph analysis for resting-state connectivity ([@bb0115]) was also employed in an rsfMRI study of PTSD ([@bb0205]), indicating that the resting-state functional network for PTSD shifted toward small-worldization with increased centrality in the default-mode network (DMN) and the SN.

Another commonly employed measure of rsfMRI is functional connectivity ([@bb0130]), which evaluates the correlation of signal time-courses between a seed region and other brain regions. Seed-based connectivity analyses also showed aberrant resting-state connectivity for PTSD. [@bb0060] indicated increased connectivity between the basolateral amygdala and the anterior cingulate cortex (ACC), dorsal ACC, and dorsomedial prefrontal cortex as well as decreased connectivity between the amygdala and the left inferior frontal gyrus for PTSD patients compared to trauma-exposed controls. [@bb0370] found decreased connectivity between the ventral anterior insula and the ACC, and between the right posterior insula and the left inferior parietal lobe and the postcentral gyrus. [@bb0175] showed decreased connectivity between the caudal ACC and the precentral gyrus and between the perigenual ACC and the superior medial frontal gyrus and middle temporal gyrus.

These findings suggest several converging regions of pathological resting-state activity or connectivity for PTSD such as hyperactivity and increased connectivity in the SN regions, including the amygdala, anterior insula, and ACC, and hypoactivity and decreased connectivity in the prefrontal emotion-regulation areas including lateral prefrontal regions and dorsal and ventral medial prefrontal regions. Deficits in emotion regulation function due to hyperactive and hyperconnected SN and its hypoconnectivity with lateral prefrontal regions are thought to underlie the hyperarousal symptoms of PTSD ([@bb0110], [@bb0195], [@bb0375]).

A limitation of previous functional connectivity studies, however, is that seed-based resting-state connectivity analysis requires the a priori definition of a seed location. This restricts the scope of investigation to relations with the presupposed seed area and could bias findings toward the seed area. In particular, a priori predictions about the functioning of regions implicated in emotion regulation may have resulted in the over-representation of these regions in our current understanding of resting state functional connectivity in PTSD. Indeed, abnormal brain functioning in PTSD is not limited to the emotion regulation network. Task-based fMRI studies have suggested abnormal functioning in regions implicated in attention and working memory ([@bb0015]) as well as memory representation ([@bb0050], [@bb0350]), such as the medial temporal and posterior brain regions including hippocampal, parietal, and occipital areas. Those low-level sensorimotor regions are rarely identified as seeds for functional connectivity analyses in studies of PTSD. While voxel-wise whole-brain investigations of resting-state activity with ALFF, ReHo, and PET ([@bb0045], [@bb0185], [@bb0335]) often suggested altered resting-state activity in the sensorimotor, visual cortex, and hippocampal/parahippocampal areas, these measures did not elucidate functional connectivity of the regions. Connectivity analysis using ICA also does not capture region-by-region functional connectivity. Instead, it analyzes connectivity between a global brain network and a voxel-wise signal.

To complement these analyses, and to resolve the limitation of seed-based connectivity analysis, yet another rsfMRI analysis has been proposed: a connectome-wide approach that investigates comprehensive voxel-wise connectivity alterations ([@bb0295]). This approach utilizes a multivariate distance matrix regression (MDMR) analysis ([@bb0010]) and can examine voxel-wise connectivity alterations in the whole brain without a priori seed definition. [@bb0290] applied this analysis to major depressive disorder (MDD), PTSD, and female healthy control subjects and found that decreased connectivity between the amygdala and the dorsolateral prefrontal cortex, ACC, and anterior insula correlated with depression symptom severity. They also showed that elevated connectivity between the amygdala and the ventromedial prefrontal cortex correlated with anxiety symptom severity.

The aim of this study was to examine altered resting-state connectivity of male war veterans with and without PTSD and male age-matched non-trauma-exposed healthy controls using a connectome-wide approach. We expected connectome-wide investigation of altered resting-state functional connectivity to reveal a comprehensive view of the neuropathology of intrinsic brain functional connectivity among people with PTSD without bias introduced via hypothesis testing.

In addition to examining veterans with combat-related PTSD, we also examined altered resting-state connectivity among combat veterans without PTSD. While a population with trauma experience without PTSD has often been considered a control group for understanding atypical functioning among people with PTSD, several studies have demonstrated atypical brain activation in this group compared to non-trauma-exposed people. For example, war-deployed soldiers who did not develop PTSD showed lowered midbrain activation in a working memory task and decreased connectivity between the midbrain region and the prefrontal cortex compared to non-deployed soldiers ([@bb0320]). Meta-analysis of region-wise resting-state brain activation ([@bb0260]) indicated higher prefrontal activity among trauma-exposed people without PTSD compared to non-trauma-exposed controls. A resting-state functional connectivity analysis with an ACC seed ([@bb0175]) also indicated that war veterans without PTSD had a different pattern of resting-state connectivity compared to civilian controls. The differences include decreased connectivity between the caudal ACC and the precentral gyrus and between the perigenual ACC and the superior medial frontal and the middle temporal gyrus, and increased connectivity between the rostral ACC and precentral and middle frontal regions. These data suggest that war veterans without PTSD could have altered intrinsic brain activation compared to both people with PTSD and non-trauma-exposed controls. Importantly, altered brain functioning in PTSD and trauma-exposed controls may not be incremental. Trauma-exposed controls without PTSD could have a specific brain alteration that does not exist in PTSD, which may function as an adaptive change to trauma exposure or as a protective factor that reduces the likelihood of developing PTSD subsequent to trauma exposure. The current study, therefore, employed three groups of male subjects: war veterans with PTSD (unmedicated), war veterans without PTSD, and age-matched non-trauma-exposed healthy controls. The study examined comprehensive connectome-wide differences in resting-state functional connectivity between these groups.

2. Material and methods {#s0010}
=======================

2.1. Participants {#s0015}
-----------------

Thirty-nine male combat veterans with PTSD and 22 male combat veterans without PTSD (veterans control, VC) participated in the resting-state fMRI scan as part of a neurofeedback training study (to be published separately). In addition, 28 age-matched non-trauma-exposed healthy males who had participated in another study ([@bb0225]) were employed as non-trauma-exposed healthy controls (NC). Four PTSD and 4 VC participants were excluded from the analysis due to excessive head motion (\> 40 censored time points, see below). [Table 1](#t0005){ref-type="table"} shows numbers of analyzed participants and mean ages for each group. There was no significant age difference between the groups. The study was approved by the Western Institutional Review Board, Puyallup, WA. All procedures with human subjects were conducted according to the code of ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans. All subjects gave written informed consent to participate in the study and received financial compensation.Table 1Demographic characteristics of war veterans with PTSD, war veterans without PTSD (veteran controls; VC), and non-trauma-exposed healthy controls (NC). CAPS score was not available for two PTSD and two VC subjects. PCL-M score was not available for one PTSD and two VC subjects. MADRS score was not available for one PTSD and one VC subjects. Mean ± SD for each group and statistics for the difference between the groups are shown except for age and head motion. Both age and head motion were not significantly different between groups with ANOVA (*F*(2,78) = 1.39, *p* = 0.260 for age and *F*(2,78) = 1.29, *p* = 0.281 for motion).Table 1PTSDVCNCPTSD - VCPTSD -- NCVC - NCNumber of participants351828Age\
(range)31.9 ± 7.1\
21--4833.4 ± 9.5\
22--5529.0 ± 11.0\
19--53CAPS55.2 ± 18.44.8 ± 4.9NA*t*(47) = 10.73\
*p* \< 0.001PCL-M48.0 ± 14.219.6 ± 2.6NA*t*(48) = 7.87\
*p* \< 0.001MADRS20.4 ± 9.61.4 ± 1.81.5 ± 1.9*t*(76) = 9.87\
*p* \< 0.001*t*(76) = 11.43\
*p* \< 0.001*t*(76) = − 0.04\
*p* = 0.999HAM-A18.2 ± 7.81.9 ± 1.52.2 ± 2.5*t*(76) = 10.17\
*p* \< 0.001*t*(76) = 11.67\
*p* \< 0.001*t*(76) = 0.14\
*p* = 0.989Motion (average FD)0.06 ± 0.030.07 ± 0.020.05 ± 0.02[^1]

The psychiatric diagnosis was established according to Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision ([@bb0005]) criteria using both the Structured Clinical Interview for DSM-IV Disorders ([@bb0105]) administered via a trained clinical interviewer and an unstructured interview with a psychiatrist. Exclusion criteria included serious suicidal ideation, psychosis, major medical or neurological disorders, general MRI exclusions, and exposure to psychotropic medications or to any medication likely to influence cerebral function or blood flow within three weeks (8 weeks for fluoxetine). Two VC subjects endorsed a history of alcohol abuse, one VC subject endorsed a history of alcohol dependence, one VC subject endorsed a history of major depressive disorder (MDD), and one VC subject endorsed a history of alcohol abuse and major depressive disorder. These morbidities for VC were fully remitted at study time. Additional exclusion criteria applied to the NC were history of war deployment or current or past personal or family (i.e., first-degree relative) history of axis I psychiatric conditions, as assessed using the Family Interview for Genetics Studies (FIGS).

2.2. Symptom measurement {#s0020}
------------------------

PTSD symptoms were measured with the Clinician-Administered PTSD Scale (CAPS) for DSM-IV ([@bb0035]) and the PTSD Checklist - Military Version (PCL-M) ([@bb0340]). The CAPS is a well-established semi-structured clinical interview that is used to determine the presence of traumatic event exposure, characteristics of the traumatic event, and frequency and severity of PTSD symptoms and diagnoses. The CAPS has excellent psychometric properties including convergent and discriminant validity, test-retest and interrater reliability, and internal consistency ([@bb0345]). The CAPS was administered by research staff trained to mastery in administration of the interview. The PCL-M is a 17-item questionnaire that was used to measure DSM-IV-defined PTSD symptom severity ([@bb0005]). Subjects indicate the degree to which they have been bothered by each symptom in the past week on a 1 (*not at all bothered*) to 5 (*extremely bothered*) scale. The PCL-M has shown strong convergent and divergent validity ([@bb0040], [@bb0285]).

Depression and anxiety symptoms were also measured with the Montgomery-Asberg Depression Rating Scale (MADRS) ([@bb0230]) and the Hamilton Anxiety Scale (HAM-A) ([@bb0140]), respectively. The MADRS and HAM-A are well-established measures of the severity of depressive symptoms and anxiety symptoms with adequate psychometric properties ([@bb0155], [@bb0215], [@bb0230], [@bb0280]). [Table 1](#t0005){ref-type="table"} includes mean symptom scores for each group.

2.3. MRI measurement {#s0025}
--------------------

The resting-state session took place prior to any task sessions. During the resting-state fMRI, participants were instructed not to move and to relax and rest while looking at a fixation cross on the screen. Magnetic resonance imaging was conducted on a whole-body 3 T MR750 MRI scanner (GE Healthcare, Milwaukee, WI) equipped with 32-channel receive-only head array coils (GE Healthcare, Nova Medical, Wilmington, MA). A single-shot gradient-recalled echo-planner imaging (EPI) sequence with sensitivity encoding (SENSE) was used for fMRI. In the study for veterans, the EPI imaging parameters were TR = 2000 ms, TE = 30 ms, FA = 90°, FOV = 240 mm, 34 axial slices with 2.9 mm thickness with 0.5 mm gap, matrix = 96 × 96, SENSE acceleration factor *R* = 2. The EPI images were reconstructed into a 128 × 128 matrix resulting 1.875 × 1.875 × 3.4 mm^3^ voxel volume. The resting fMRI run time was 6 min 50 s (205 volumes). In the study for NC subjects, the EPI imaging parameters were TR = 2000 ms, TE = 25 ms, FA = 75°, FOV = 240 mm, 34 axial slices with 2.9 mm thickness without gap, matrix = 96 × 96, SENSE acceleration factor *R* = 2. The EPI images were reconstructed into a 128 × 128 matrix resulting in 1.875 × 1.875 × 2.9 mm^3^ voxel volume. The resting fMRI run time was 7 min 30 s (225 volumes). We used only the first 205 volumes for the analysis to equate the number of volumes between the studies. Physiological pulse oximetry and respiration waveforms were simultaneously recorded (40 Hz) in both studies. A photoplethysmograph with an infrared emitter placed under the pad of a participant\'s finger was used for pulse oximetry, and a pneumatic respiration belt was used for respiration measurements.

To provide anatomical reference for fMRI data, T1-weighted MRI images were acquired with a magnetization-prepared rapid gradient-echo (MPRAGE) sequence. The following parameters were used: FOV = 240 × 192 mm, matrix = 256 × 256, 120 axial slices, slice thickness = 0.9 mm, 0.9375 × 0.9375 × 0.9 mm^3^ voxel volume, TR = 5 ms, TE = 2.0 ms, *R* = 2, flip angle = 8°, delay time = 1400 ms, inversion time = 725 ms, sampling bandwidth = 31.2 kHz, scan time = 5 min 40 s.

2.4. MRI image processing {#s0030}
-------------------------

Analysis of Functional NeuroImages (AFNI) software ([http://afni.nimh.nih.gov/afni/](http://afni.nimh.nih.gov/afni){#ir0005}) was used for imaging analysis. We utilized the afni_proc.py command to make a data processing script and used default parameters of this command except where noted. Initial five volumes were excluded from analysis. Outlier time points were replaced with interpolation (despike). RETROICOR ([@bb0135]) was applied to remove respiration- and cardiac-induced noise in the BOLD signal. Physiological fluctuations correlated with low-frequency changes in respiration depth were regressed out from the BOLD signal using respiration volume per time (RVT) correction ([@bb0025]). Slice-timing differences were corrected by aligning to the first slice. Motion correction was applied by aligning all functional volumes to the first volume. Nonlinear warping to the MNI template brain with resampling to 2 mm^3^ voxels was done with the Advanced Normalization Tools (ANTs) software ([@bb0020]) ([http://stnava.github.io/ANTs/](http://stnava.github.io/ANTs){#ir0010}). We used the non-linearly aligned and averaged MNI152 brain provided with the FSL package (<https://fsl.fmrib.ox.ac.uk/fsl/fslwiki>) as a template. Spatial smoothing (4 mm FWHM) and scaling to percent change were applied to the data.

Further noise reduction was applied by regressing out three principal components of the ventricle signal, local white matter average signal (ANATICOR) ([@bb0160]), 12 motion parameters (3 shift and 3 rotation parameters with their temporal derivatives), and low-frequency fluctuation (3rd-order polynomial model) from the signal time course. White matter and ventricle masks were extracted using FreeSurfer 5.3 (<http://surfer.nmr.mgh.harvard.edu>/) from the anatomical image of individual subject and then warped to the normalized fMRI image space. Any fMRI time point with large motion (\> 0.25 mm frame-wise displacement (FD)) along with the following point was censored within the regression ([@bb0275]). FD was calculated as the root sum of squared temporal differences of six motion parameters.

2.5. Effect of scan parameter difference {#s0035}
----------------------------------------

Since fMRI scan parameters between the veteran groups (PTSD and VC) and the NC group were different, we examined signal difference between the groups specifically in their spatial smoothness and temporal signal to noise ratio (TSNR). It has been indicated that variable spatial smoothness and TSNR are major sources of inter-scanner variability in activation estimation of fMRI ([@bb0120], [@bb0125]). We reasoned that if these properties were similar between the groups, connectivity difference between the groups could not be attributed to scan parameters difference. Spatial smoothness was evaluated using AFNI 3dFWHMx for the processed image after noise components were regressed out. Smoothness estimates were restricted to brain voxels that were covered by all subjects and censored volumes were excluded from the estimation. TSNR was defined as the mean signal divided by the temporal standard deviation for each voxel. TSNR was calculated for functional images before applying regression and censored volumes were excluded. We used the median TSNR in gray matter voxels. [@bb0120] indicated that by covarying this measure during regression analysis one could eliminate significant effect of inter-scanner variability on activation estimation. We used Welch\'s two-tailed *t-*test to examine group difference of the mean smoothness in x, y, and z directions and the median TSNR in gray matter voxels.

2.6. MDMR analysis {#s0040}
------------------

MDMR analysis ([@bb0010], [@bb0295]) was applied to investigate comprehensive voxel-wise resting-state connectivity alteration between PTSD, VC, and NC groups. The processed resting-state fMRI image was down-sampled to 4 mm^3^ voxels. In order to avoid mixing noise outside the brain, we applied an anatomical brain mask to the functional image before resampling. Since we had already applied local white matter signal and ventricle signal regression at preprocessing, masking these regions was not applied at resampling. This down-sampling process was necessary because the whole-brain voxel-wise connectivity matrix in the original resolution was computationally too large for current hardware. To further reduce data size, only the voxels in gray matter regions were extracted from the down-sampled image. The gray matter mask was extracted from the MNI152 template brain provided with FSL. This masking resulted in extracting 18,693 voxels that were subject to the MDMR analysis.

We followed the procedure introduced in [@bb0295] for the MDMR analysis, which is briefly reproduced here. MDMR is a mass voxel-wise analysis as it is performed for each voxel independently. Unlike a seed-based analysis that has many correlation statistics for one voxel, MDMR has a single multivariate omnibus statistic for each voxel. In each voxel, a connectivity map from that voxel to all other voxels was made with Pearson\'s correlations between signal time-courses of the voxels. The dependent variable of MDMR is a distance matrix of the connectivity maps between subjects. The distance of the maps between subject *i* and *j*, (*d~ij~*) was calculated with Euclidean distance of Fisher\'s z-transformed connectivity maps. The MDMR analysis evaluates the association between the distance matrix (dissimilarities of connectivity maps across subjects) and the predictor variables in the design matrix, *X*, using a pseudo-*F* value statistic, $F = \frac{\mathit{tr}\left( \mathit{HG} \right)/\left( {m - 1} \right)}{\mathit{tr}\left\lbrack {\left( {I - H} \right)G} \right\rbrack/\left( {n - m} \right)}$, where *H* = *X*(*X*^*T*^*X*)^− 1^*X*^*T*^ is the hat matrix that maps response values (*G*) to the fitted value space, *m* is the number of columns in *X*, and *tr* is the trace of matrix. *G* is the mean-centered distance matrix as *G* = *CAC*, where $C = \left( {I - \frac{1}{n}11^{T}} \right)$, $A = \left( {- \frac{1}{2}d_{\mathit{ij}}^{2}} \right)$, *n* is the number of subjects, *I* is the *n* × *n* identity matrix and 1 is a vector of *n* 1 s. In the current study, the design matrix *X* included two columns of group factors for PTSD and VC, in which 1 indicated PTSD and 0 others, and 1 indicated VC and 0 others, respectively. This coding means that NC is a reference group and the effects of PTSD and VC relative to NC were evaluated. *X* also included columns of age and motion size (average FD) as nuisance variables as well as all 1 s for the intercept.

Individual effect of regressors was estimated using a partial design matrix. Hat matrix with effects of no interest regressors was subtracted from the full hat matrix as *H*~*I*~ = *H* − *H*~*N*~, where $H_{N} = X_{N}\left( {{X_{N}}^{T}X_{N}} \right)^{- 1}{X_{N}}^{T}$, and *X*~*N*~ is a design matrix only with age, motion, and intercept columns. Pseudo-*F* value for the sum of the effect of interest, namely the main effect of the group difference, was then calculated as $F_{I} = \frac{\mathit{tr}\left( {H_{I}G} \right)/\left( m_{I} \right)}{\mathit{tr}\left\lbrack {\left( {I - H} \right)G} \right\rbrack/\left( {n - m} \right)}$, where *m~I~* (= 2) is the number of effect of interest regressors.

Statistical tests for the pseudo-*F* value were performed with a permutation test. Nuisance regressors in the permutation test need to be handled differently from the regressors of interest because effect of interest should be evaluated after excluding nuisance effects. We used the Smith procedure ([@bb0355]), in which regressors of interest were orthogonalized with regard to nuisance regressors and then the orthogonalized regressors of interest were permuted randomly. 10,000 random permutations were performed in the analysis.

These procedures were repeated for all voxels as a seed, and pseudo-*F* values (with respective *p*-values) were mapped onto the brain to make a statistical parametric map. We used a computationally efficient method introduced by [@bb0295], in which evaluations for all voxels of all permutations were performed in one-time matrix multiplication. The MDMR statistical map was thresholded with voxel-wise *p* \< 0.005, and then with cluster-size corrected *p* \< 0.05. Cluster-size corrected *p*-value was evaluated with the same permutation procedure as the voxel-wise evaluation to avoid inflated false positive rate ([@bb0090]).

2.7. Post-hoc seed-based analysis {#s0045}
---------------------------------

MDMR statistical map indicates that a whole-brain connectivity pattern at a voxel is altered between the groups. However, it does not show which specific connectivity is altered. To elucidate which voxel-by-voxel connectivity was altered between the groups, post-hoc seed-based connectivity analysis was performed for the significant regions of the MDMR statistical map. Note that this analysis was performed only for a post-hoc investigation and restricted to the regions with significant MDMR statistics so that we could avoid multiple testing problems across seed-based analyses that could arise if we picked arbitrary regions for seed-based analysis.

The post-hoc analysis was performed with the original resolution whole-brain functional images (not restricted to gray matter). Seed regions were placed at peak locations of the significant clusters in the MDMR statistical map of the group main effect. Peak coordinates in each significant cluster separated by at least 30 mm were extracted. Seed area was a 6 mm-radius sphere centered at the peak coordinates of the MDMR statistical map. Average signal time-course of the seed area was used as a reference signal to calculate correlations with other voxels. Fisher\'s z-transformation was applied to the correlation coefficient to make a connectivity map for each subject. Voxel-wise general linear model analysis was performed for the connectivity map with the same design matrix as the MDMR analysis. *t*-value maps of each group contrast, PTSD-NC, VC-NC, and PTSD-VC, were calculated and thresholded with voxel-wise *p* \< 0.005 and cluster-size corrected *p* \< 0.016 for multiple testing of three groups. Cluster-size corrected *p*-value was evaluated with the permutation test (10,000 permutations) using the Smith procedure ([@bb0355]).

3. Results {#s0050}
==========

CAPS, PCL-M, MADRS and HAM-A were significantly higher for the PTSD group compared to the VC and NC groups, and not significantly different between the VC and NC groups. Amount of head motion (average FD) was not significantly different between groups ([Table 1](#t0005){ref-type="table"}). Spatial smoothness and TSNR of functional images were not significantly different between the veterans and NC groups. Mean spatial smoothness was 5.28 mm for veterans and 5.27 mm for NC (*t*(56.859) = 0.331, *p* = 0.742). Mean gray matter median TSNR was 127.2 for veterans and 123.3 for NC (*t*(56.915) = 0.64, *p* = 0.525).

[Fig. 1](#f0005){ref-type="fig"} shows the thresholded map of pseudo-*F* value for the main effect of group in the MDMR analysis. Peak locations of the clusters with significant effect (cluster-size *p* \< 0.05) are shown in [Table 2](#t0010){ref-type="table"}. These peak locations were used as seeds for post-hoc seed-based connectivity analysis.Fig. 1MDMR pseudo-*F* value map for the main effect of groups (PTSD, VC, NC) thresholded with voxel-wise *p* \< 0.005 and cluster-size *p* \< 0.05.Fig. 1Table 2Peak locations of significant clusters for the main effect of groups in the MDMR analysis. Local maximum positions at least 30 mm apart from each other were extracted from significant clusters. Cluster-size *p*-values were evaluated by permutation test with 10,000 random permutations.Table 2Peak location\
(MNI, mm)Brain regionPseudo-*F*Cluster size\
(4 mm^3^ voxel)Cluster-size\
*p*-valuexyz12− 28− 2R Thalamus2.5455200.0001− 28− 68− 14L Fusiform2.3774− 682R Lingual2.335− 36− 16− 26L Parahippocampal2.1844− 40− 22R Fusiform2.1761460.001424− 522R Parahippocampal1.915− 460− 10L vmPFC (BA11)2.3411270.0020− 204818L Superior Frontal (BA10)2.077540.0100− 16126L Lentiform Nucleus2.188− 8− 2062L SMA2.252500.0120564− 34R Middle Temporal2.171490.0124− 44− 8− 6L Insula3.564480.0126− 24046L Middle Frontal (BA6)2.083460.0138− 52202L Inferior Frontal (BA47)2.088440.015556− 2410R Transverse Temporal (BA41)2.937410.0173− 52− 76− 6L Inferior Temporal/Middle Occipital2.216380.021144− 8− 2R Insula2.69360.0236− 48− 246L Superior Temporal2.177340.0252− 321226L Middle Frontal (BA44)1.988300.0330− 528− 26L Middle Temporal2.051280.03825602R Superior Temporal1.984260.0438− 242834L Superior Frontal (BA9)1.927260.0438[^2]

[Fig. 2](#f0010){ref-type="fig"} shows seed locations and regions with significant functional connectivity alteration for the PTSD compared to NC groups. Supplementary table S1 shows peak locations in significant clusters of altered connectivity in PTSD--NC comparison at post-hoc analysis. Significantly decreased connectivity for PTSD was seen between the left parahippocampal seed and the bilateral fusiform gyrus, middle occipital, middle temporal, and the posterior cingulate areas ([Fig. 2](#f0010){ref-type="fig"}A). Decreased connectivity for PTSD was also seen between the left medial frontal (supplementary motor area; SMA) seed and the anterior cingulate and the left anterior insula regions ([Fig. 2](#f0010){ref-type="fig"}B). Multiple left lateral prefrontal seeds showed decreased connectivity for PTSD including between the left inferior frontal seed and the right SMA and the left middle frontal region ([Fig. 2](#f0010){ref-type="fig"}D), between the left middle frontal seed and the left inferior frontal and the left superior temporal regions ([Fig. 2](#f0010){ref-type="fig"}E), and between the left superior frontal seed and the SMA, anterior cingulate, anterior insula, and inferior frontal regions ([Fig. 2](#f0010){ref-type="fig"}F). These hypoconnected regions ([Fig. 2](#f0010){ref-type="fig"}F) overlapped with salience network (SN) regions ([@bb0220]). Increased functional connectivity for PTSD was seen between the left insula seed and the right middle cingulate region ([Fig. 2](#f0010){ref-type="fig"}C).Fig. 2Seed locations (indicated by crosshair) on the MDMR statistical map (left) and *t*-value maps of the regions with significantly (voxel-wise *p* \< 0.005 and cluster-size-corrected *p* \< 0.016) altered connectivity (right) for PTSD compared to NC (non-trauma-exposed controls) in post-hoc analysis. Connectivity alteration for PTSD was found for seed locations at the left parahippocampal gyrus (A), left SMA (supplementary motor area) (B), left insula (C), left inferior frontal gyrus (D), left middle frontal gyrus (E), and left superior frontal gyrus (E).Fig. 2

Correlations between symptom severity and functional connectivity alterations were also examined among people with PTSD for the seed locations in [Table 2](#t0010){ref-type="table"}. The design matrix of this analysis included symptom scores instead of the group factor, along with age and motion covariates. The same permutation procedure used in the post-hoc analysis of group comparisons was used here. [Fig. 3](#f0015){ref-type="fig"} shows seed locations and regions with connectivity significantly (voxel-wise *p* \< 0.005 and cluster-size *p* \< 0.05) correlated with PTSD symptom scores (CAPS, PCL-M). Peak locations of the significant clusters in [Fig. 3](#f0015){ref-type="fig"} are shown in Supplementary Table S2. Connectivity between the right parahippocampal seed and the right anterior insula was negatively correlated with CAPS and PCL-M ([Fig. 3](#f0015){ref-type="fig"}A). Connectivity between the ventromedial prefrontal cortex (vmPFC) seed and the left middle frontal region was negatively correlated with CAPS scores ([Fig. 3](#f0015){ref-type="fig"}B). As a complementary analysis, we also examined the connectivity correlation with depression (MADRS) and anxiety (HAM-A) scores for PTSD (Supplementary Fig. S1). Similar to CAPS and PCL-M, MADRS and HAM-A were negatively correlated with functional connectivity between the right parahippocampal seed and the right anterior insula (Supplementary Fig. S1A). Additionally, connectivity between the left insula and the left middle frontal gyrus was negatively correlated with MADRS and HAM-A (Supplementary Fig. S1B), and connectivity between the left middle frontal and the right inferior parietal regions was negatively correlated with MADRS scores (Supplementary Fig. S1C).Fig. 3Seed locations (indicated by crosshair) on the MDMR statistical map (left) and *t*-value maps of the regions with significant symptom-correlated connectivity (middle) among subjects with PTSD (voxel-wise *p* \< 0.005 and cluster-size-corrected *p* \< 0.05). Functional connectivity correlated with PTSD symptoms (CAPS and PCL-M) was found for seed locations at the right parahippocampal gyrus (A) and the left ventromedial prefrontal cortex (vmPFC) (B). Right panel shows symptom association with mean connectivity (z-value residualized with regard to age and motion covariates) in the regions shown in the maps (middle) with fitted line and its 95% confidence interval. CAPS: Clinician-Administered PTSD Scale, PCL-M: PTSD Checklist - Military Version.Fig. 3

[Fig. 4](#f0020){ref-type="fig"} shows seed locations and regions with significant functional connectivity alteration in the VC compared to NC group. Supplementary table S3 shows peak locations in significant clusters of altered connectivity in the post-hoc VC--NC comparison. Significantly decreased connectivity for VC was seen between the right lingual seed and the medial prefrontal area ([Fig. 4](#f0020){ref-type="fig"}A), between the left superior frontal seed and the posterior default mode network areas including the precuneus, posterior cingulate, and the right inferior parietal regions ([Fig. 4](#f0020){ref-type="fig"}B), between the left middle frontal seed and the left postcentral region ([Fig. 4](#f0020){ref-type="fig"}D), between the right transverse temporal seed and the precuneus ([Fig. 4](#f0020){ref-type="fig"}E), and between the left superior temporal seed and the precuneus ([Fig. 4](#f0020){ref-type="fig"}G). Significantly increased connectivity was seen between the left posterior insula seed and the right posterior insula, right lingual, and right cuneus regions ([Fig. 4](#f0020){ref-type="fig"}C) and between the left posterior insula and the right postcentral, right middle frontal, right middle temporal, right posterior cingulate, left superior parietal, right inferior frontal, right precuneus, and right thalamus.Fig. 4Seed locations (indicated by crosshair) on the MDMR statistical map (left) and *t*-value maps of the regions with significantly (voxel-wise *p* \< 0.005 and cluster-size-corrected *p* \< 0.016) altered connectivity (right) for VC (veteran controls) compared to NC (non-trauma-exposed controls) in post-hoc analysis. Connectivity alteration for VC was found for seed locations at the left lingual gyrus (A), left superior frontal gyrus (B), left insula (C), left middle frontal gyrus (D), right transverse temporal gyrus (E), right insula (F), and left superior temporal gyrus (G).Fig. 4

No significant connectivity differences between the PTSD and VC groups were found in the post-hoc analysis. This could be due to the presence of remitted morbidities in the VC group, such as alcohol abuse, alcohol dependence, and major depressive disorder. We examined associations of these morbidity histories in the VC group with the connectivity alterations in Supplementary Figs. S2 and S3. Box plots of these figures show distribution of mean connectivity in the regions with significant alteration for PTSD (Supplementary Fig. S2) and VC (Supplementary Fig. S3) compared to NC. Supplementary Fig. S3 indicates that connectivity differences between VC and NC were not driven by the subjects with remitted morbidity. Supplementary Fig. S2 indicates that connectivity for VC tended to be in between PTSD and NC either with or without remitted morbidity, although variability in the VC group could be increased by remitted morbidity. We further performed the same MDMR and post-hoc analyses excluding VC subjects with morbidity histories. This analysis, however, still did not show a significant connectivity difference between the PTSD and VC groups.

4. Discussion {#s0055}
=============

Connectome-wide analysis of altered resting-state functional connectivity for war veterans revealed decreased connectivity for PTSD patients in lateral frontal, SMA, and SN regions, as well as decreased connectivity between the parahippocampal and the visual cortex areas. PTSD symptom severity was negatively correlated with connectivity between the right parahippocampal gyrus and the right anterior insula and between the left vmPFC and the left middle frontal gyrus in people with PTSD. The analysis also revealed altered resting-state connectivity for VC, including increased connectivity in the posterior insula and decreased connectivity in the precuneus with several other brain areas, while no significant differences between PTSD and VC groups were observed. Because there was no significant difference in spatial smoothness or TSNR of functional images between veterans and NC groups, observed connectivity differences cannot be attributed to scan parameter difference. Most of these findings were consistent with previous observations of abnormal brain activation patterns among people with PTSD in both task-based and resting-state fMRI studies. The current results also extended previous findings by indicating such abnormalities were seen in region-by-region resting-state functional connectivity.

The analysis revealed decreased functional connectivity between the parahippocampal and the occipital visual cortex regions for PTSD compared to NC ([Fig. 2](#f0010){ref-type="fig"}A). A correlation between PTSD symptom severity and decreased functional connectivity between the parahippocampal region and the anterior insula was also observed ([Fig. 3](#f0015){ref-type="fig"}A). Similar dissociation between the hippocampal memory area and sensorimotor and SN areas has been observed during PTSD-related flashbacks ([@bb0350]). [@bb0350] indicated that PTSD patients showed hyperactive sensorimotor regions, including visual cortices and hypoactive memory-associated regions (e.g., parahippocampal gyrus), during a trauma cue-elicited flashback experience. This dissociation is consistent with the dual representation theory of PTSD ([@bb0055]). According to the theory, episodic memory has dual representations of context (C-reps) supported by the medial temporal regions, and low-level sensation (S-reps) supported by sensory and interoceptive cortical areas. These representations are associated with each other for a memory of common events, while the C-reps for a memory of a traumatic event could be weakened or lost. This hypothesis is supported by evidence that potentiated amygdala function as well as suppressed hippocampal function was seen under high-level stress situations ([@bb0055], [@bb0095], [@bb0265]). The dual representation theory suggests that abnormal memory representation for a traumatic event has strong S-reps without associated C-reps, which underlies symptoms of re-experiencing and hyperarousal. The current results extended this evidence by indicating that resting-state functional connectivity between C-reps and S-reps regions was decreased in PTSD. This suggests that the neurobiological dissociation thought to underlie dual memory representations may be present at rest as well as during cued memory retrieval.

The current results also showed that the PTSD group had decreased functional connectivity across the lateral frontal areas and the SMA with the SN ([Fig. 2](#f0010){ref-type="fig"}B, D, E, F) as well as decreased connectivity between the vmPFC and the left middle frontal gyrus that was correlated with PTSD symptom severity ([Fig. 3](#f0015){ref-type="fig"}B). A large literature has indicated that lateral frontal regions, vmPFC, and SMA are associated with emotion regulation functions, including reappraisal of emotional stimuli ([@bb0165], [@bb0170], [@bb0185], [@bb0240], [@bb0330]). Decreased activation of these regions in response to emotional stimuli or emotion regulation tasks among people with PTSD has been reported ([@bb0015], [@bb0030], [@bb0145], [@bb0260], [@bb0315]). [@bb0360] showed that resting-state ALFF at the right medial frontal gyrus was correlated with PTSD symptom severity. A meta-analysis of regional resting-state activation ([@bb0180]) also indicated lowered resting-state activity at the middle frontal gyrus for PTSD. In contrast to hypoactive prefrontal emotion-regulating areas, a hyperactive SN is one of the prevalent brain abnormalities observed among people with PTSD in emotion-related tasks ([@bb0145], [@bb0200], [@bb0260]). A study of resting-state functional connectivity at the anterior insula ([@bb0305]) also indicated that PTSD had increased anterior insula connectivity with SN regions but decreased connectivity with DMN regions, including the medial PFC. The current results of hypoconnectivity between the lateral prefrontal and SN regions are consistent with these previous reports of aberrant brain activations for PTSD.

Notably, the lowered functional connectivity of the lateral frontal areas was lateralized to the left hemisphere in the current results. Systematic review of brain activation patterns observed during cognitive reappraisal to regulate emotional experience among healthy individuals ([@bb0255]) suggested that there are two different tactics of reappraisal, reinterpretation and distancing. Their meta-analysis indicated that the regions involved in reinterpretation appear to be more strongly left-lateralized in prefrontal and temporal cortices, whereas regions involved in distancing appear to be more strongly right-lateralized in prefrontal cortex and parietal regions. The left-lateralized hypoconnectivity in the current results, therefore, might suggest that PTSD patients had reduced reinterpretation function compared to distancing. Distancing function, however, could be highly variable across PTSD patients. There is a subtype of PTSD patients with dissociation symptoms ([@bb0195], [@bb0190], [@bb0245], [@bb0250]) who show depersonalization and derealization responses to emotional or trauma-related stimuli and could be involuntary distancing to regulate emotional arousal. In the current study, only 9 of the 35 PTSD subjects reported mild dissociation symptoms. Due to the small number of subjects and mild symptoms, we could not evaluate the difference between PTSD subtypes. Future studies are needed to examine differences in resting-state connectivity between subtypes of PTSD.

Increased functional connectivity at the posterior insula was observed among PTSD patients ([Fig. 2](#f0010){ref-type="fig"}.C) as well as among VC subjects ([Fig. 4](#f0020){ref-type="fig"}C, F) but in more areas for VC than PTSD. Similar differences in resting-state insula activity were reported in a meta-analysis of resting-state regional activity ([@bb0335]), which found that trauma-exposed controls had higher regional resting-state activity in the right posterior insula compared to people with PTSD. [@bb0370] reported hypoconnectivity in PTSD at the right posterior insula with the left inferior parietal lobe and the postcentral gyrus. A negative correlation between hyperarousal symptoms and connectivity between the posterior insula and the SN was also reported ([@bb0310]), suggesting greater connectivity of the posterior insula is associated with lower PTSD symptom levels. Consistent with these findings, greater pre-treatment insula gray matter density predicts better response to psychotherapy ([@bb0070], [@bb0235]). These findings suggest that greater functional connectivity and volume of the posterior insula could contribute to the alleviation of PTSD symptom. As the insula is thought to support internal representations of emotional states ([@bb0075]), the heightened activity and connectivity at this region might possibly help to accommodate internal emotional states of trauma experience.

Veteran controls also showed reduced connectivity at the precuneus ([Fig. 4](#f0020){ref-type="fig"}B, E, G). [@bb0260] showed that the precuneus was hyperactive for PTSD, while most other DMN regions were hypoactive in PTSD in their meta-analysis of functional brain activation studies for PTSD. [@bb0085] also showed that for acute stress disorder patients the right medial precuneus response to trauma-related pictures was positively correlated with later development of PTSD symptoms. It has been suggested that the precuneus subserves consciousness and self-reflection ([@bb0325]). The dual representation theory ([@bb0055]) suggests precuneus activity triggers top-down retrieval of S-reps with translation into a personally relevant (e.g. egocentric) perspective. It has also been suggested that decreased precuneus function is associated with efforts to terminate self-reflection of aversive sensations ([@bb0325], [@bb0350]). The decreased connectivity at the precuneus for VC, therefore, might reflect effort to terminate self-reflection of aversive sensations, such as S-reps of traumatic memory.

Veteran controls also had decreased resting-state functional connectivity between the vmPFC and lingual gyrus ([Fig. 4](#f0020){ref-type="fig"}A) and between the left middle frontal and the left postcentral regions ([Fig. 4](#f0020){ref-type="fig"}D). It is possible that these reductions in connectivity are effects of traumatization and therefore are comparable to people with PTSD. Several remitted morbidities might also affect the alterations observed among VCs, although we did not observe systematic differences between VCs with and without remitted morbidity for these connectivity findings (Supplementary Fig. S3). It is possible that the abnormalities observed among VCs are due to war deployment, military training, or adaptive changes to traumatic experiences, or that they reflect an innate resilience factor. Future studies that employ longitudinal designs are needed to distinguish the cause of altered resting-state functional connectivity among war-deployed veterans without PTSD.

The current results did not show significant differences in resting-state functional connectivity between the PTSD and VC groups. We note that this result does not necessarily indicate that PTSD and VC groups had the same connectivity patterns. Statistically, a non-significant result does not mean equivalence of the groups. This non-significant result could be due to substantial variability in the VC group, which included individuals with remitted morbidity. However, even when we excluded VC subjects with morbidity history from the analysis, we still did not find significantly different connectivity between the PTSD and VC groups. This suggests that either morbidity history was not a sole reason for variability or that reduced statistical power due to smaller sample sizes negated the benefit of reducing variability within a group. Limited sensitivity of MDMR analysis, as discussed below, could also affect the non-significant result. Accordingly, we cannot draw inferences about the equivalence of the PTSD and VC groups based on this non-significant result, particularly in light of different patterns of connectivity alteration in the PTSD and VC groups compared to the NC group in the current results and previous research that demonstrated connectivity differences between people with PTSD and trauma-exposed controls.

Variability in morbidity and trauma is typical among war-deployed veterans. Even within PTSD patients, expression of the disorder is highly heterogeneous, making it difficult to find a single diagnostic marker of the disorder ([@bb0380]). Importantly, the current results do not suggest homogeneous abnormality either for the PTSD or VC groups, but suggest average differences between groups. While such between-group designs continue to contribute to our limited understanding of the neuropathology of mental disorders, variability within a diagnostic group needs to be included in analyses in accord with the research domain criteria (RDoC) ([@bb0080]) for further understanding the disorder.

It is also warranted to address a limitation of MDMR analysis. The current analysis did not observe a significant effect in the amygdala, where many studies have indicated abnormality in PTSD ([@bb0300]). Whole-brain analyses often do not observe abnormalities in amygdala activity, whereas region of interest (ROI) analyses do observe such abnormalities ([@bb0145]). A meta-analysis ([@bb0145]) including only whole-brain analyses did not find amygdala abnormality for PTSD, while an analysis including ROI analyses found amygdala hyperactivity for PTSD. One reason for the absence of amygdala abnormalities in the current results, therefore, could be its small effect size. Limited sensitivity of MDMR analysis, however, could also be a reason for this result. MDMR analysis evaluates between-subject distance of connectivity maps, and this distance measure could be insensitive to a change in a small region because it summarizes the differences in a large dimensional connectivity map into one measure. Non-significant results in MDMR, therefore, should not be interpreted as indication of a negative result. The distance measure of the MDMR also introduces another limitation, that is, a distance measure reflects only a size of difference and is not sensitive to how connectivity maps differ. This means that a similar distance value could come from different patterns of connectivity alteration. As the current results demonstrated that not all the seed locations identified with MDMR showed significant group differences in the post-hoc analysis, significant group effects in the MDMR do not necessarily indicate common differences in the group. Post-hoc analysis that investigates what differences contribute to the MDMR measure is needed for correct interpretation of MDMR results.

5. Conclusions {#s0060}
==============

Connectome-wide investigation of altered resting-state functional connectivity for war veterans with PTSD revealed hypoconnectivity between the parahippocampus gyrus and the visual cortex as well as across the lateral prefrontal and vmPFC with the SN regions. These alterations were consistent with previous observations of abnormalities in the emotion-regulation circuit and further support dissociated memory representation in PTSD. The current results extended these findings by indicating that such abnormality also appears to be present in resting-state region-by-region functional connectivity. The analysis also revealed increased connectivity with posterior insula and decreased connectivity with precuneus among veterans without PTSD, with the later suggesting adaptive alteration to suppress traumatic memory. While all the reasons for these observed alterations are not yet clear, the comprehensive exploration via MDMR analysis enabled these findings and offers potential targets for future research. Although we should recognize limitations in sensitivity and interpretation, hypothesis-free exploratory analysis with MDMR connectome-wide investigation yielded valuable information that complements existing hypothesis-driven analyses.
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[^1]: Abbreviations: CAPS: Clinician-Administered PTSD Scale, PCL-M: PTSD Checklist - military version, MADRS: Montgomery-Asberg Depression Scale, HAM-A: Hamilton Anxiety Rating Scale, FD: frame-wise displacement of fMRI images (mm/volume), NA: not available.

[^2]: Abbreviations: L: left, R: right, BA: Brodmann area, vmPFC: ventromedial prefrontal cortex, SMA: supplementary motor area.
